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A new chiral  phase  of  ferric  ions  in  bismuth  ferrite,  the  only 
material  known  to  support  multiferroic  behaviour  at  room 
temperature,  is  inferred  from extensive  sets  of  data  gathered  by 
resonant  x-ray  Bragg  diffraction.  Values  of  all  ferric  multipoles 
participating  in  a  minimal  model  of  Fe  electronic  structure  are 
deduced from azimuthal-angle scans.  Extensive sets of azimuthal-
angle data, gathered by resonant x-ray Bragg diffraction, yield 
values of all ferric multipoles participating in a minimal model of Fe 
electronic structure. Paramagnetic (700 K) and magnetically ordered 
(300 K) phases of a single crystal of BiFeO3 have been studied with 
x-rays tuned near to the iron K-edge (7.1135 keV). At both 
temperatures, intensities at a Bragg spot forbidden in the nominal 
space-group, R3c, are consistent with a chiral motif of ferric ions in 
a circular cycloid propagating along (1, 1, 0)H. Templeton and 
Templeton scattering at 700 K is attributed in part to charge-like 
quadrupoles in a cycloid. The contribution is not present in a 
standard, simplified model of electronic states of the resonant ion 
with trivial cylindrical symmetry. 
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An electronic state in which charge and magnetic polarizations coexist has been at the 
centre of materials science in the past decade. Such a state exists in bismuth ferrite (BiFeO3) 
at room temperature, while in all other known cases a multiferroic state emerges upon 
cooling. This makes bismuth ferrite a unique candidate for potential application in electronic 
devices, such as sensors or multi-state memory storage-units. 1-4) We have gathered evidence 
for a new
 chiral phase of BiFeO3 in the paramagnetic phase using resonant x-ray Bragg diffraction and,
 by way of a test for the chirality property, we demonstrate that our proposed electronic
 structure allows coupling to radiation with a like property, namely, x-rays with circular
 polarization (helicity).
 Moreover, our extensive sets of diffraction data enable us to infer values of ferric multipoles 
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in both the paramagnetic and magnetically ordered phases.
Bismuth ferrite forms in a rhombohedrally distorted perovskite crystal structure of R3c-
type (#161). Weak ferroelectricity develops below a Curie temperature Tc ≈  1100 K, and G-
type antiferromagnetic order of ferric (Fe3+ ) dipole moments is observed below a Néel 
temperature TN ≈  640 K. The antiferromagnetism coexists with a long-period modulation (≈  
620 Å) in the hexagonal plane, as shown in figure 1.5,6) This coexistence is a curious property 
of a quite simple compound, created by the tension between two interactions that favor 
parallel and orthogonal spin arrangement, respectively.
 
Fig. 1.  Scheme of the crystal and magnetic structures of bismuth ferrite (BiFeO3), with 
hexagonal setting. The [0,0,1]H axis is vertical. Directions of magnetic dipoles of the 
Fe ions at room temperature are indicated by arrows.
For studies of electronic magnetism, the experimental technique of resonant x-ray 
Bragg diffraction we use has advantages over non-resonant diffraction that is difficult to 
exploit quantitatively, because uncertainty surrounds the deployment of a scattering length 
asymptotically valid in the Compton region of scattering.7-11) Resonant x-ray diffraction has 
proved its worth in many studies, particularly those that focus on one or more of the raft of 
electronic properties driven by angular anisotropy in valence states. 12-13) Intensities collected 
at weak, space-group forbidden reflections access directly information about complex 
electronic structure manifest in atomic multipoles, including, magnetic charge (or magnetic 
monopole),14) electric dipole,15) anapole,16,17) quadrupole,18) octupoles,19,20) and 
hexadecapoles.21,22) In consequence, weak reflections are extremely sensitive to charge, orbital 
and spin electron degrees of freedom and BiFeO3, with a chemical structure similar to 
haematite, is no exception.23) 
Crystal growth was performed in platinum crucibles with content of about 90 g, using 
the accelerated rotation technique, and a platinum cover welded tightly to the crucible, 
leaving only a central hole of 0.1 mm diameter, as explained in reference.24) The size of the 
sample was about 5 x 5mm2 and a thickness of 0.5 mm, showing a polished surface in the [0, 
0, l]H direction. 
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Fig. 2.  Cartesian coordinates (x, y, z) and x-ray polarization and wavevectors. The plane 
of scattering spanned by primary (q) and secondary (q') wavevectors coincides with the x-
y plane. Polarization labelled σ and σ' is normal to the plane and parallel to the z-axis, and 
polarization labelled pi and pi' lies in the plane of scattering. The beam is deflected through 
an angle 2θ. Nominal setting of the crystal is indicated with ah
 antiparallel to σ-polarization, together with sense of rotation in an azimuthal-angle
Our hexagonal crystal coordinates are ah = a(1, 0, 0), bh = a(−1/2, √3/2, 0) and ch = c(0, 
0, 1), with a = 5.58Å and c = 13.88Å.25) Basis vectors, or principal crystal axes, are ξ  = (1, 0, 
0), η  = (0, 1, 0) and ζ  = (0, 0, 1), and they coincide with (x, y, z) in figure 2 at the nominal 
setting of the crystal. The Bragg wavevector (0, 0, l)H is aligned with − x, as shown in figure 2. 
Intensities are measured as a function of rotation of the crystal about the Bragg wavevector 
through an angle ψ.
The (0, 0, 9)H reflection is forbidden in the nominal space group R3c. Bragg diffraction 
due to angular anisotropy in available valence states is weak but, none the less, visible in 
diffraction enhanced by an atomic resonance, as evident in data displayed in figure 3. 
Resonant x-ray diffraction experiments were performed at the Diamond Light Source (UK), 
on beamline I16. The horizontally polarized beam, σ, was tuned near the iron K-edge (7.1135 
keV). We observed intensity at the (0, 0, 9)H reflection in two studies with the sample held at a 
temperature below (300 K) and above (700 K) the Néel temperature. The change in intensity 
that we observed with cooling, between the two temperatures, confirmed the magnetic origin 
of the difference signal; relevant data are displayed in Figure 5. All data were collected in the 
rotated channel of polarization pi'σ, where states of polarization labelled pi' and σ are defined 
in figure 2. During the experiment we scan the surface of the sample to try to determine the 
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size of the domains, and select the appropriate region of the sample where a likely single 
domain could be involved in the scattering process. While it is possible that the sample 
supports different domains, the present results were consistent with a single domain 
illuminated by the very small size of the primary beam (180 x 40 µm2). 
The azimuthal scans presented in Figure 4 were obtained performing “θ scans” with the 
detector around the Bragg condition for different azimuthal angles. This method was used 
previously by Finkelstein et al.19) and by Kokubun et al.44), among others. The experimental 
values displayed in Figures 4 and 5 are the integrated intensity of each of the curves 
normalized to intensity in the primary x-ray beam. Due to the small penetration depth of an allowed 
Bragg spot (0, 0, 6)H, where the diffraction is mostly following a dynamical process, we have not 
considered to use this kind of reflection to normalize a forbidden Bragg spot (0, 0, 9)H that, due to its 
weakness has a kinematical behaviour a larger penetration depth and less affected by possible defects from 
the surface.
All reasonable steps have been taken to arrive at sound data. Subtraction of the 
background intensity due to Renninger reflections (multi-beam peaks), observed in an 
azimuthal scan, was done using a Matlab program available at the instrument.  For the case of 
room temperature, an azimuthal scan was done to select optimum, flat positions between 
peaks and avoid the Renninger effect (therefore measured points in the azimuth dependence 
are not equidistant). Due to the fact that we have collected resonant x-ray data for a certain 
selected reflection at different parts of the single crystal, we consider that the experimental 
data shown in figures 4 & 5 are related to the resonant event rather than to the tail of the 
Renninger effect. The high-quality crystal used for the experiment has a face perpendicular to 
the (0, 0, 1)H direction, so the experiment was performed with a specular geometry. 
Fig. 3. (Colour Online) X-ray spectrum in the vicinity of the Fe K-edge for the (009)H reflection. Diffraction 
data reported in figures 4 and 5 were collected tuning the primary energy to E = 7.1135 keV. Inset: (Red dots) 
Energy scan data and (blue line) approximation to a harmonic oscillator.
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We address, first, Templeton and Templeton (T & T) scattering reported in figure 4 
(filled dots) measured with the sample at 700 K (TN ≈  640 K).26) Resonant x-ray diffraction 
enhanced by an electric dipole - electric dipole (E1-E1) event is forbidden at the (0, 0, 9)H 
Bragg spot of a R3c-type chemical structure. Diffraction enhanced by an electric quadrupole-
electric quadrupole (E2-E2) event is allowed, however, and it is produced by an electric, time-
even hexadecapole. This diffraction is part of what we have observed, as we now explain.
Fig. 4.  (full dots) Intensity of the Bragg spot (0, 0, 9)H as a function of azimuthal angle, 
ψ, with a sample temperature of 700 K , forbidden in the R3c-type structure and called 
Templeton and Templeton (T & T) scattering. Rotation of the crystal is counter clockwise 
about the Bragg wavevector, and the origin ψ = 0 is ah antiparallel to σ-polarization, 
figure 2. (empty dots) Intensity as a function of azimuthal angle obtained at room 
temperature, 300K. Corrections to raw data are described in the text. Solid (dashed) line 
is a fit to our model of diffraction by a motif of charge-like quadrupoles and 
hexadecapoles, namely,Fpi'σ2 and expression (6) with v = 0 (v ≠ 0).
Our notation for parity-even atomic multipoles is 〈TKQ›, with a complex conjugate 
〈TKQ›* = (−1)Q 〈TK−Q›, where the positive integer K is the rank and Q the projection, with − K 
≤  Q ≤  K. Angular brackets 〈...› denote the time average of the enclosed spherical tensor 
operator, i.e., multipoles are properties of the electronic ground-state, and the time-signature 
of 〈TKQ› is (− 1)K.12,13) The hexadecapole (K = 4) in question is the real part of 〈T4+ 3›, denoted 
by 〈T4+ 3›'. A triad axis of symmetry, C3z, passes through the iron sites, 6a in R3c. Diffraction 
by these ions using a Bragg wavevector (0, 0, l)H is described by an electronic structure factor,
 ΨKQ = {1 +  2 cos(2pil/3)} [〈TKQ› +  (−1)l (−1)K 〈TK−Q›]. (1) 
Space-group allowed reflection are defined by diagonal elements ΨK0 with K even, and 
ΨK0 ≠  0 is allowed for l = 6n. The identity C3z 〈TKQ› = 〈TKQ› requires Q = ±  3m. As 
anticipated, E1-E1 is forbidden for l odd, because, of course, ΨK0 = 0 for a space-group 
forbidden reflection, while Q = ±  3 does not contribute to a dipole-dipole event where K does 
not exceed 2.  Using (1) for an E2-E2 event, we find the corresponding unit-cell structure 
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factor is a three-fold periodic function of the azimuthal angle, ψ,27)  
Fpi'σ = (3/√2) cos3θ cos(3ψ) 〈T4+ 3›'. (2)
In this expression, θ is the Bragg angle, and ah is antiparallel to σ-polarization, normal 
to the plane of scattering in figure 2, at the origin of an azimuthal-angle scan, ψ = 0. Intensity 
corresponding to (2), Fpi'σ2 ∝ cos2(3ψ), is symmetric about ψ = 90o, which does not agree 
with our data for T & T scattering displayed in figure 4 (filled dots). 
Missing in what has been described thus far, we propose, is T & T scattering caused by 
charge-like quadrupoles (K = 2) in a circular cycloid, using an E1-E1 event. An electric dipole 
(E1) is expected to be appreciably stronger than an electric quadrupole (E2) event. But 
diffraction from the quadrupoles is weak, being the responsibility of components absent in a 
standard stick-model, in which the electronic state of the resonant ion is restricted to 
cylindrical symmetry.28) Whence, the minimal model that explains measurements in figure 4 
(700 K, filled dots) is a sum of two forms of weak T & T scattering. Adding the 
corresponding magnetic scattering, we achieve a model that explains data displayed in figure 
4 (300 K, empty dots). 
We invoke a (circular) cycloid with the plane of the cycloid parallel to the plane 
spanned by ch and ah +  bh. This motif is one candidate considered by Przeniosło et al; see 
Model 1 in figure 1.29) We will assume that the cycloid, composed of charge-like multipoles, is 
constant, independent of temperature, to a good approximation. This is a sound assumption 
for the paramagnetic phase, and not unreasonable at lower temperatures for multipoles not 
induced by magnetic order. 
Starting with an explanation of T & T scattering in figure 4, we utilize quadrupoles for a 
circular cycloid, 〈C2Q›, introduced by Scagnoli and Lovesey27) and recently reviewed by 
Lovesey et al. 45) These quadrupoles, in common with all cycloid multipoles, are not subject to 
the symmetry operations in the point group for sites 6a in the R3c group. In the general case, 
one finds 〈C20〉 = 0 for the first harmonic of the cycloid, which is the one of interest. For a 
circular cycloid rotating in the x-z plane,
〈C2+ 1› = (1/4) [〈T2+ 1 +  T2−1› +  i〈T2+ 2 − T2−2›] ≡  − (1/√6)[i(yz) +  (xz)], (3)
where (αβ) is a standard, traceless second-rank Cartesian tensor. A representation of the 
quadrupole, 〈T2›, in terms of standard operators is available.30) 
By way of an orientation to the result (3) we consider its value for a standard stick-
model.28) In this case, all electronic properties of the resonant ion are manufactured from one 
material vector. Using α and β to represent Cartesian coordinates, a general second-rank 
tensor (αβ) is to be replaced by a simple product 〈α› 〈β›, leading to (yz) = (xy) = 0 for a 
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material vector confined to the x-z plane with 〈y› = 0. 
Guided by R3c, we need the quadrupole (3) and the quadrupole derived from it by
rotation about (ah + bh) by 180o. The sum of the two correctly related quadrupoles is
transformed to principal crystal-axes with the result,
 
Ψ2+ 1 = √(3/2) [(√3/4) {(ξ2 − η2) +  3(ζζ)} +  (ηζ)], (4)
where Cartesian quadrupoles are referred to previously defined principal crystal-axes. Note 
that Ψ2+ 1 is purely real. Turning to data obtained with a sample temperature of 300 K and 
displayed in figure 4 (empty dots), magnetic diffraction by the cycloid is created by a time-
odd dipole,
〈C10› = (1/2) [〈T10› +  i 〈T1+ 1 − T1−1›/√2]. (5)
For a reflection (0, 0, l)H with l odd, it actually contributes a magnetic dipole parallel 
to     (ah + bh), namely, 〈T1-1 - T1+1›/√2 calculated with principal crystal axes. At the K-edge, a 
dipole 〈T1› is simply orbital angular momentum.31)  
Fig. 5. Difference of two sets of data displayed in figure 4, I(v) − I(v = 0), together with 
expression (7) derived from our model of electronic structure in bismuth ferrite. Multipoles 
t, u and v in (7) are set to values derived from fits to data in figure 4, namely, t = + 1.19 ±  
0.07, u = − 6.20 ±  0.16 and v = 0.673 ±  0.014. Inset: Temperature dependence of the Bragg 
spot (0, 0, 9)H at an azimuthal angle ψ = 73°.
We use the purely real quadrupole (4), with projections Q = ±  1, as a common factor in 
the final expression for the unit-cell structure factor. The remaining charge-like quadrupole, Q 
= ±  2, is accounted for in a ratio Ψ2+ 2/Ψ2+ 1 = −it. Calculations using an ideal cycloid show that 
t is purely real and t = +  1 (Scagnoli and Lovesey.27)). The contribution from the 
hexadecapole in (2) is captured by u = 3〈T4+ 3›'/(Ψ2+ 1√2). In the absorption profile we invoke 
overlap of the two events, E1-E1 and E2-E2, which occur at different energies with different 
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widths. Lastly, the magnetic contribution to the structure factor is v = 3〈T1
−1 − T1+ 1›/ (2Ψ2+ 1). 
Note that t, u and v are all treated as purely real quantities to be inferred from our data. Since t 
and v both relate to an E1-E1 event they are nothing more than ratios of the appropriate 
multipoles that we have shown. On the other hand, u has to include a ratio of radial integrals 
for E2 and E1 events, namely, (ƒ [q {R2}sd]2/[{R}sp]2) where {R}sp and {R2}sd, respectively, are 
radial integrals for E1 and E2 events at the K-edge of iron. A multiplicative factor in u, 
denoted here by ƒ, measures the admixture of E1-E1 and E1-E2 events. While ƒ might depend 
on energy it can be taken purely real without influencing conclusions, because it accompanies 
the principal harmonic (2). 
 Incorporating the two types of T & T scattering, expressions (2) and (4), and scattering 
by magnetic dipoles, we arrive at a unit-cell structure factor that gives an adequate account of 
all our data,
Fpi'σ = t cosθ sin(ψ) +  u cos3θ cos(3ψ)−i sinθ cos(2ψ)−v[sinθ−i cosθsin(ψ)].   (6)
Writing I(v) =Fpi'σ(v)2 the difference in intensity at the two temperatures is, 
I(v) − I(v = 0) =
v[v(1 − cos2θ cos2(ψ)) − sin2θ (t sin(ψ) +  u cos2θ cos(3ψ) +  cos(2ψ) sin(ψ))]. (7)
Fits of I(0) to data for T & T scattering displayed in figure 4 (700 K, filled dots) yield 
values t = + 1.19 ±  0.07, which is close enough to the ideal value to give great confidence, 
and       u = − 6.20 ±  0.16. A fit of I(v) to data gathered at 300 K, figure 4 (empty dots), yields 
v = 0.673 ±  0.014 for the magnetic dipole, with t and u set to aforementioned values. For 
completeness, we show in figure 5 difference data, taken from figure 4, together with the 
appropriate expression for intensity (7) evaluated with our estimates of the three multipoles. 
We bring our Letter to a close with a survey of our observations and the interpretation 
we construct. Above the Néel temperature, TN ≈  640 K, our azimuthal-angle data are 
adequately explained by a model with minimal complexity. It includes Templeton and 
Templeton (T & T) scattering from charge-like quadrupoles and hexadecapoles.25) A 
contribution by quadrupoles heralds a new chiral phase, in which quadrupoles participate in a 
circular cycloid.  A test of
 chirality in electronic structure is to see whether or not it couples to circular polarization
 (helicity) in the x-ray beam
 An expression for intensity associated with circular polarization (helicity) in the primary 
beam, Ic, is derived from our unit-cell structure factors 22) and we arrive at,
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Ic = Im. [(Fσ'pi)*(Fσ'σ) +  (Fpi'pi)*(Fpi'σ)] = 2 cosθ cos(ψ) [v sinθ − cosθ sin(ψ)]
x (t cosθ sin(ψ) +  u cos3θ cos(3ψ) − v sinθ).   (8)
In expression (8), t and u are charge-like multipoles, which generate T & T scattering, 
and v is a magnetic dipole absent above TN. Values of the three multipoles, t, u and v, are 
inferred from data displayed in figure 4, collected above and below the Néel temperature, that 
are adequately described by Fpi'σ2 derived from (6). Note that expression (8) does not vanish 
for v = 0, meaning resonant reflections are affected by circular polarization above TN with a 
hitherto unknown phase of the material. 
Existence of T & T scattering by quadrupoles in a cycloid implies that the actual 
chemical structure belongs to an enantiomorphic crystal class lacking a centre of symmetry. 
Space-group R3 (#146), one of 65 members of the Sohncke sub-group of crystal structures, is 
a maximal non-isomorphic subgroup of the nominal R3c-group, and thus a likely candidate 
for a commensurate chiral motif in bismuth ferrite. In which case, a chiral motif and a single 
domain are implied for the magnetically-ordered state, and this does appear to be the case.33) 
A high-quality crystal, from which satellite peaks can be resolved, should show satellite 
intensity above TN. The domain pattern of propagation vectors should be reproduced on 
temperature cycling above and below TN since they are driven by the pre-aligned quadrupoles. 
This issue could be checked using circular polarized x-rays, due to the helicity properties of 
this kind of x-rays.
Parallel scenarios merit a mention, e.g., the weak itinerant ferromagnet MnSi, and 
related materials.34-36) The compounds use a cubic group P213 (#198), and exist in both right-
handed and left-handed enantiomorphs. A single-valued handedness persists in the 
ferromagnetic and paramagnetic phases,37) with chiral fluctuations in MnSi above the Curie 
temperature observed by inelastic neutron scattering.38) Notably, a standard example for 
spontaneous homochirality, sodium chlorate (NaClO3), forms in the chemical structure 
described by P213.39)
MnSi has a Curie temperature Tc ≈  29.5 K, and deep in the paramagnetic phase spin 
fluctuations are isotropic. Perhaps more relevant to the present discussion of bismuth ferrite is 
another iron-based chiral magnet. FeGe, iso-structural with MnSi, has a high Curie 
temperature, Tc ≈  278.2 K, and precursor activity is well-established.36,40) Ferromagnetic 
spirals have a period ≈  180 Å (MnSi) and ≈  700 Å (FeGe), to be compared with a period ≈  
620 Å in bismuth ferrite. On its own, an antisymmetric exchange-interaction (Dzialoshinskii-
Moriya) will promote an orthogonal arrangement of spins that can disturb an arrangement of 
parallel spins, supported by an isotropic Heisenberg exchange plus relatively weak magnetic 
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anisotropy.
Quadrupoles (also higher-order multipoles) as a primary order-parameter is not unusual. 
However, again, order is achieved at low temperatures, because the underlying mechanism is 
weak. 21,41-43
The origin of the charge-like quadrupoles that contribute T & T scattering could be 
related to bismuth 6s-6p lone pairs, known to drive certain structural distortions. Apart from 
expected direct hybridization of lone pairs, there is scope for admixture through the agency of 
oxygen 2p states that contribute to angular anisotropy in valence states observed at iron sites. 
Lastly, we examine the possibility that our azimuthal-angle scan at 700 K can be 
explained by the parity-odd event E1-E2 using the R3c-group, in addition to E2-E2.12,27) We 
find polar multipoles, 〈UKQ›, do not contribute intensity to the (0, 0, 9)H Bragg spot in 
channels with unrotated polarization, σ'σ and pi'pi. The contribution from E1-E2 in the pi'σ 
channel of immediate interest comes from a purely real polar quadrupole, namely, i(3/√5) 
cos2θ 〈U20〉 that is added to the hexadecapole contribution (2). The two contributions to the 
unit-cell structure factor, E1-E2 plus E2-E2, are in phase quadrature, so there can be no 
interference between them to lift the pure six-fold periodicity in the E2-E2 contribution to 
intensity that is lacking in figure 4 (filled dots).
In summary, Bragg diffraction intensities at the nominally forbidden reflection (0, 0, 9)H 
of bismuth ferrite, observed below and above the Néel temperature, are consistent with a 
chiral structure formed by a circular cycloid propagating along [1, 1, 0]H not previously 
detected in the paramagnetic phase. The new chiral phase is responsible for some Templeton 
and Templeton (T & T) scattering at 700 K due to charge fluctuations not contained in the 
plane of the cycloid. Our extensive sets of azimuthal-angle diffraction data have been used to 
infer good values of three atomic multipoles involved in the scattering process. A satisfactory 
minimal model of Fe electronic structure includes a quadrupole (E1-E1 event) and a 
hexadecapole (E2-E2 event) contributing T & T scattering, plus a magnetic dipole (E1-E1).
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